Gasoline direct injection provides reduced engine emissions, increased power, and increased fuel economy as compared to port fuel injection (PFI). Reduced emissions are largely due to starting the engine using high fuel pressure (up to 150 bar) and injecting into the compression stroke. During a cold start, fuel pressure must be increased from lift pump pressure (typically 4 to 6 bar) to desired injection pressure (typically 25 bar minimum). Start times are therefore impacted by the high pressure pump's ability to quickly build fuel pressure during crank.
INTRODUCTION
With the regulatory trends throughout the world placing increased pressure on fuel consumption, gasoline direct injection (GDi) engines are a key technology for improved fuel economy and engine performance. As a result, the fraction of GDi vehicles worldwide is projected to markedly increase in the coming years.
Cold starting a GDi engine offers particular challenges requiring substantial differences in fueling strategy compared to a PFI system. Injection during the compression stroke is generally applied during engine cranking. Compression injection promotes good cold start performance, and requires less cold start injected fuel mass due to reduced lost fuel as compared to a port fuel injection system. Compression injection on a cold start requires that the engine be quickly synchronized to properly time the fuel injection, as well as having sufficient fuel pressure available in the fuel rail before compression injection can occur. Delays to a rapid pressure build will result in an increased start time.
A typical GDi fuel system ( Figure 1 ) will consist of a tank mounted low pressure pump (4 to 6 bar typical) which will deliver fuel to a high pressure pump. The high pressure pump is typically a single cylinder piston pump, which is mechanically driven by means of an extra cam located on the engine camshaft. This high pressure pump charges the fuel rail assembly with fuel at typical pressures of 35 to 200 bar, depending on control system requirements. The fuel rail contains a fuel pressure transducer, and delivers high pressure fuel to the injectors. Compression injection cannot occur until a desired minimum pressure is achieved in the fuel rail. The rapid pressure rise from the high pressure pump at cold starts is necessary to minimize the delay until compression injection can occur, and thereby minimizing the start time.
In this paper, a method of reliably reproducing consistent delayed starts is discussed. The effect of vapor formation in
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the fuel system during engine soak conditions is discussed and analyzed. The impact of check valve leak rates as well as the pressure drop from cooling during soak conditions is modeled and analyzed. The impact of desorbed air in the fuel rail on pressure rise is discussed. A method of mitigating possible pressure rise effects of both vapor and air is proposed and test data showing the resulting benefits on start time is reviewed.
Figure 1. Typical GDI Fuel System

PRESSURE RISE EFFECT ON HIGH PRESSURE ENGINE STARTS
On a vehicle with gasoline direct injection (GDi), start times are greatly affected by the pressure rise of the high pressure pump (HPP) (Figure 2 ). The normal pressure operating range for a GDi injector is 25 bar to 200 bar, depending on the coolant temperature. For the best start quality and lowest emissions, fuel pressure at the injector needs to be at the target minimum value before injecting fuel. Time to reach this desired pressure is therefore directly correlated to the overall start time.
While fuel pressure rise has a dominant effect on start time, other factors also have influence. Engine synchronization, the control system determination of precise engine position, will depend on how many crank degrees are required to find the missing teeth region of the target wheel. Crank speed, the RPM of the starter motor, determines how quickly the engine can synchronize and how long each high pressure pump stroke will take. Finally, engine run up, or how well the engine fires and accelerates to the peak RPM, affects the overall start time, which is the time from first engine cranking to 1,000 RPM. These factors are not considered in this investigation. The subject of this investigation was inconsistent start times directly related to the fuel pressure rise variation. After initial unsuccessful attempts at understanding the root cause, a more methodical approach to this investigation was initiated. The first step in the methodical vehicle testing was to establish a repeatable baseline. Temperatures and fuel pressures were recorded during the engine off soak to evaluate the consistency. It was determined that when vehicle preconditioning was similar, soak temperatures and subsequent start data was consistent. All monitored temperatures in the car were controlled to 20°C +/− 2°C in an environment of the same temperature with minimal airflow. With the hood closed, the engine was started and left at idle until the oil temperature reached the designated target. Once reached, the engine was shut down and the temperatures and pressures were monitored. Initially, an oil temperature of 80°C was targeted. After the initial tests failed to show slow pressure rise on restart, the target oil temperature was raised to 100°C. The new pre conditioning procedure resulted in more repeatable slow pressure rise starts. This was the first clue to the cause of the problem. A typical engine off soakcool down is shown in Figure 3 .
Before a standardized test was adopted, variation was seen in pressure rise and start time as shown in Table 1 . This was caused by differences in conditions before and during vehicle soak. Factors included oil temperature, ambient temperature, wind speed, hood position (open or closed), etc. By controlling these factors, the subsequent pressure rise and start times were more consistent. 
ELIMINATION OF GASOLINE VAPOR IN THE SYSTEM
During initial testing of the GDi system, delays in pressure rise resulted in inconsistent and long cold start times. After standardizing the procedure for repeatable test results it was determined that gasoline vapor was forming during extended hot soak conditions. The sooner the high pressure pump receives vapor-free liquid fuel the faster the pressure rise and hence the faster the cold start time.
The original control system enabled the lift pump after starter engagement as shown in Figure 4 . The first high pressure pumping event occurred at the same time the lift pump was enabled. That left no time for the increase in lift pump pressure to transition the gasoline vapor back to liquid before the pumping event occurred. The result was either no pressure rise or a partial pumping event depending on the quantity of vapor in the fuel system.
Figure 4. Engine restart with simultaneous lift pump and starter engagement.
The control system was modified to delay the starter engagement after ignition request by the operator. The delay allowed the lift pump to build pressure and condense the gasoline vapor before the start of engine rotation and high pressure pump operation ( Figure 5 ). The addition of a starter motor delay eliminated variation in cold start times due to gasoline vapor formation in the fuel system, however, the delay had limited effect on air trapped within the fuel system. More understanding into vapor formation and sources of air intruding into the fuel rail were needed. A modeling approach was used to predict the effects of temperature, pressure, time, and leakage.
SIMULATION OF PRESSURE DECAY AND PHASE CHANGE IN A GDi HIGH PRESSURE FUEL RAIL (AND LINES)
The GDi high pressure fuel system was modeled using Microsoft Excel to determine fuel pressure decay in a zero leak system. The volume of the high pressure section was determined at standard conditions. The system was then modeled as a simple tube of the rail diameter and wall thickness and of sufficient length to account for the entire high pressure section volume. The simplified design makes strain calculations and thermal expansion easy to evaluate.
The model was evaluated for pressure at each of 720 time steps. At each step the fuel temperature is calculated and the capacity of the rail is compared to the volume of the fuel. Excel's "Goal Seek" function is applied to determine the pressure at which capacity equals volume. A macro ran quickly through all 720 steps. As long as the pressure returned was above the vapor pressure, "Goal Seek" matched fuel volume to capacity. Once vapor pressure was reached, a theoretical pressure was calculated as the vapor pressure plus the partial pressure of air. The air is the difference in the equilibrium air that the fuel may contain at fuel tank conditions (assumed 1 bar and 20°C) and the equilibrium air that the fuel in the rail may contain.
TEMPERATURE
The model requires accurate temperatures for the fuel in the rail at each time step. The temperatures in the model follow the form of the transient conduction equation [1] (equation (1)):
The other variables are form factors and constants that are very difficult to define. Using data from a vehicle test the equation can be simplified to equation (2):
where 'k' was determined by fitting the equation to the vehicle data.
This equation is used for both the coolant temperature and the fuel temperature. For the coolant temperature T i is the shutdown coolant temperature & T ∞ is ambient. For the fuel temperature T i is the shut-down fuel rail temperature & T ∞ is the coolant temperature.
FUEL DENSITY
The key to knowing the fuel volume is to know the density at the temperature and pressure conditions of each step. The fuel density was determined by creating a 61 component fuel of RVP = 9psi, and standard density 0.75 g/cc. This fuel was run through HYSYS® [2] , a program used by the petroleum industry to design refinery steps. HYSYS® computed the density of the fuel for each condition input. With sufficient conditions defined an equation in T (Temperature), P (Pressure), T 2 , P 2 , and TP was created by regression analysis (r 2 > 0.99).
LEAKAGE
Leakage from both the high pressure pump check valve and the injector tips were considered. A square root relationship was used for leakage versus pressure as is typical for a sharp edge orifice [3] . Real leaks may resemble sharp orifices (as simulated), capillaries (linear leak-pressure relation), deformable interfaces (relation starts inverse then becomes proportional), or a combination.
Initial injector tip leak rates were chosen from production test data. Lower values were then simulated to represent a broken-in condition, and later, higher values simulated to look at the worst case. The fuel pump check valve leak rate is defined by pressure drop at constant temperature, so that had to be modeled to create a leak limit in SCCM. Most simulation runs were at ∼50% of the determined pump leak limit. Check valves were also simulated at max leak to test worst case.
SIMULATIONS
Initial simulations were run without leakage to verify that cooling alone will drop the pressure below the fuel's vapor pressure; Injector tip and check-valve leakage was then added to match the pressure decay rates from the vehicle tests. The leakage needed to match the data was consistent with the expected tip leakage of aged injectors and check-valves. The comparison of the model to vehicle data for a shut-down at 4MPa, 90°C coolant, and 60°C fuel (rail) is shown in Figure  6 .
A confirmation run with the same leak rates and thermal factors starting at 97°C coolant, 79°C fuel (rail), and 4MPa showed equally good agreement between the model and vehicle data.
Figure 6. Modeled fuel temperature and pressure (blue lines) compares well with measured vehicle data (red lines)
ANALYSIS
When the pressure in the rail drops to the fuel vapor pressure, the volume of the liquid fuel drops below the capacity of the rail. The initial vapor formation was modeled using 10 second time steps. It was clear that the vapor formation alone didn't cause the slow engine starts because the in-tank pump raised the rail pressure well above the vapor pressure before cranking began. An SAE paper presented by Pursifull [4] showed how air could come out of solution when conditions reduce air solubility below the solubility in the gas tank. The processes of dissolving air in gasoline and emitting it back occur very slowly. Any air in the fuel lines when the engine starts to crank, is likely to still be present when the engine starts. Until the air is compressed into a volume smaller than the high pressure pump piston displaces, the pressure rise will be slow. The pressure rise per pump stroke, when the air volume exceeds the pump displacement, can be calculated by applying the ideal gas law to the air mass (equation (3)).
(3)
Determination of the free air mass was added to the model and it was evaluated at 100-second time steps. The free air is calculated as the difference between the amount of air that can be dissolved in the gasoline at fuel tank conditions and the air that can be dissolved at the fuel rail conditions per ASTM D 2779-92 [5] . For each time step where the fuel volume is less than the rail capacity the pressure is iterated to where it equals the free air partial pressure plus the fuel vapor pressure. Once again Excel "Goal Seek" is used for the iterations. At each step the calculated free air is the air that could come out of solution if the system was held constant at those conditions. Therefore, at the early time steps the actual air is significantly less than that calculated. After about 12 hours temperature and pressure changes become very small and the actual free air mass can approach the calculated air mass.
The air dissolved in the fuel is assumed to have equalized in the fuel tank at about 20°C and 1bar absolute pressure. Air will eventually come out of solution in the rail when there is vapor space and when the temperature is higher and/or the pressure is lower than the fuel tank conditions. The amount of air depends on the temperature and pressure difference as well as the mass of fuel in the rail. Since the free air mass won't reach equilibrium until after the rail temperature does, the air was calculated [3] for a constant temperature (20°C) which gives the following simplified equation for solubility of air in gasoline:
(4) Figure 7 shows the effect of different shut-down fuel temperatures on the amount of air expected to come out of solution. What drives that curve is the difference between the shut-down fuel temperature and ambient. The shut-down temperature determines the fuel density in the rail and thus the mass. Higher temperatures decrease density and lower the mass. After cooling, the lower fuel mass leaves a larger vapor space for the air to form in.
Another major factor is shut-down pressure, as seen in Figure  8 below. Pressure, like temperature above, affects the fuel density. Since higher pressure creates higher fuel density it also increases the mass of fuel in the rail. The size of the vapor space is determined by the change in the fuel density as it cools and the change in the rail capacity as it cools. The density of the fuel at the time that injection (mass transfer) stops determines the amount of fuel that will be present after cool-down, and therefore, the size of the vapor space. With more fuel present on a high pressure shut down, there is less vapor space for air to escape to after cool-down. If a system cooled quickly, the pressure in the vapor space would be the fuel's vapor pressure. As air comes out of solution its partial pressure adds to the vapor pressure. As more air escapes, the pressure rises which increases the amount of air that can remain in solution. This continues until equilibrium is reached. The model clearly shows that the engine cooling after shutdown will lead to pressure drops below the vapor pressure of the fuel even in a zero leak system. When the rail is allowed to maintain a vapor space, air can come out of solution to occupy some of that space. Running the lift pump to maintain pressure above the vapor pressure will prevent any air pockets from forming. 
TESTING THE EFFECT OF AIR IN THE SYSTEM
To determine if the modeling of air in the fuel system was representative of real world conditions, a simple experiment was devised. To minimize temperature affects, an engine and transmission were assembled on a start cart (a wheeled frame mounted with a free-running engine) with cooling fans for coolant, engine oil, and transmission fluid. These were run during the entire test to keep all temperatures as close to ambient as possible. Before a start, a measured amount of fuel was removed from the fuel rail and air allowed to take its place. The pressure rise of the first pumping event was measured on the subsequent start and is shown in Figure 9 .
The pressure rises seen during the vehicle restart tests were indicative of the air volumes calculated in the model. A series of four restarts after cooling from 80°C fuel at 4MPa to a few degrees above ambient (21°C) resulted in first stroke pressures of 0.9MPa to 1.2MPa indicative of about 3scc of air per the graph in Figure 9 . For those conditions the model predicted about 3.5scc of air. The repressurization never indicated an air volume exceeding that calculated by the model; as discussed above the model was expected to initially over-state the air volume with two values converging after an undetermined time period. 
CONTROLING VAPOR FORMATION WITH LOW PRESSURE LIFT PUMP ACTIVATION DURING SOAK
In order to mitigate the dissolution of air from the fuel during extended soaks, an algorithm was developed to allow lift pump operation for brief periods during engine off soak conditions. The increase in system pressure during lift pump operation prevents formation of vapor during system cool down. This eliminates the possibility of vacuum conditions which can lead to air dissolution from the fuel in the fuel rail. Testing demonstrated that enabling the lift pump for one second, every 90 minutes, for a total of six hours will eliminate the formation of vapor or dissolution.
The improved pressure rise yields a significant benefit in start time. The effect of this function is seen by comparing the conventional start shown in Figure 10 with the start utilizing the wake up function shown in Figure 11 .
Finally, taking all we had learned and applying the optimized wake up function we ran some more soak-start cycles. We plotted the new starts with data from our first methodical starts to get the chart in Figure 12 . 
SUMMARY/CONCLUSIONS
Quick pressure rise is required for optimal starts in GDi fueled vehicles. Injecting fuel during the cylinder's compression stroke gives the best engine starts but high pressure fuel is required to overcome cylinder pressure during the injection. The air desorbed from the fuel during a soak slows the pressure build in the rail. While the lift pump in the fuel tank quickly compresses vapor back into liquid, air which desorbs into the vapor space takes longer to redissolve. Air re-dissolves into fuel too slowly to be eliminated when cranking the engine. The high pressure pump can only compress the air volume until it is smaller than the pump displacement; then it will build the high pressure needed.
With the system tested, pressure decay and air desorption are more strongly influenced by engine cooling than by internal leakage. A leak free system will still have vapor in the rail after cooling from a warmed up state. Preventing the formation of a vapor space in the rail is the most effective way to prevent the desorption of air. Once the air pocket forms it must be compressed to a volume smaller than the high pressure pump displacement or be re-dissolved before high pressure can be achieved.
As long as the rail pressure is maintained above the fuel vapor pressure there will be no air formation in the system. Even in extreme circumstances this can be accomplished with no more than four seconds of total lift pump operation. The operation occurs no more than four times and for no more than one second at a time all within a six hour period, without the need to monitor any sensors, minimizing draw on the battery.
